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The Epstein-Barr virus oriP, when examined with the use of in vitro nucleosome reconstitution, was found
to exhibit a partial sparing of nucleosome assembly within the 3' dyad. Analysis of the homologous region
containing the origin of replication of herpesvirus papio disclosed that sparing of nucleosome assembly was
conserved between these two related viruses.
Epstein-Barr virus (EBV), like other members of the
herpesvirus family, is characterized by both productive and
latent states of infection (18, 19). In latency, the EBV
genome is maintained as an episome which replicates in the
nucleus, presumably by using host cell DNA polymerase (1,
2, 8, 16). The episome is maintained at a constant copy
number within a particular cell line, and expression is tightly
regulated, resulting in limited transcription of EBV gene
products (12, 17). The latent, but not lytic, form of the
genome is packaged in a chromatin structure with a spacing
of nucleosomes similar to that found in cellular DNA (27).
In recent years, much research has centered on a region of
the EBV BamHI C fragment designated oriP. The EBV oriP
has been shown to act in cis, allowing episomal maintenance
of chimeric plasmids when the EBV nuclear antigen 1 is
supplied in trans (30, 34, 35). Analysis of the oriP has
subdivided the region into two functional domains. Located
at the 5' end is a family of 20 30-base-pair (bp) repeats which
have been demonstrated to have EBV nuclear antigen 1-
dependent enhancer function (23). Approximately 1 kilobase
3' of this region lies an area of dyad symmetry which has
recently been demonstrated to act as the origin of plasmid
replication in eucaryotic cells (6). The repeat motif has been
shown to act both as a replication fork barrier and as the
termination site for replication. Both elements are needed
for replication of the oriP in vivo (13, 24).
We were interested in examining the possible nucleosome
structure within the oriP as a means of further defining the
replication origin. Areas of altered nucleosomal arrange-
ments have been implicated in the regulation of transcription
and replication (25, 26, 33). In this study, we have analyzed
the nucleosome arrangement within the EBV oriP and the
analogous region of a related virus, herpesvirus papio
(HVP), by nucleosome reconstitution in vitro. This tech-
nique has been used to determine nucleosome phasing (10,
21, 28, 29, 32).
Core histones were purified from rat liver essentially as
described by Dunn and Griffith (5) and were used in recon-
stitution studies with the EBV and HVP origin regions as
templates for assembly. DNA fragments were end labeled
with biotin to allow subsequent orientation of each molecule
with avidin. DNA fragments containing either the EBV or
HVP (20) origin were equilibrated with a 1:1 mass ratio of
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core histones in 10 mM HEPES (N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid)-1 mM EDTA buffer (pH 7.5)
containing 2 M NaCl at room temperature for 5 min. The
reaction was then diluted to 1.5 M NaCl by addition of the
buffer. Under these conditions, nucleosomes will preferen-
tially assemble at high-affinity sites. At this stage, the
biotin-labeled molecules were then tagged by the addition of
avidin, and unbound protein was separated from DNA-
protein complexes by Sepharose 4B chromatography. Frac-
tions containing the DNA-protein complexes were applied as
a 20-rdl drop to a glow-charged copper mesh grid covered
with a thin carbon film. Spermidine was added to the drop to
a concentration of 2 mM, and the sample was washed and
dehydrated by sequential ethanol washes. Samples were
then rotary shadow cast with tungsten, and the grids were
examined in a Philips 400 TLG electron microscope (7).
For analysis, only nucleosome-bound DNA fragments that
contained the avidin end label were photographed. The
positions of the nucleosomes were ascertained by tracing the
contour lengths of the molecules by using a Summagraphic
digitizer coupled to an IBM PC-AT computer. Approxi-
mately one-half of the observed DNA molecules were asso-
ciated with nucleosomes. Of these molecules, one to three
nucleosomes were bound per molecule (Fig. 1). Between 300
and 500 nucleosomes were used to generate histograms for
each of the DNA fragments used.
Examination of the distribution of nucleosomes over the
EBV oriP revealed a significant decrease in nucleosome
assembly spanning the 3' dyad (Fig. 2). Asymmetric digests
that reoriented the position of the 3' dyad closer to the center
of the molecule clearly showed that the sparing of this region
is not due to a positional effect on the molecule (Fig. 3).
For comparison purposes, the origin region of HVP was
subjected to a similar analysis. HVP shares 40% sequence
homology dispersed throughout the genome (9, 22). The
origin regions of the two viruses have a higher degree of
homology and have a similar structural arrangement (Fig.
4A) (D. Loeb et al., manuscript in preparation). The 3' dyad
domain of HVP during nucleosome assembly was spared to
about the same extent as the homologous element in the
EBV oriP (Fig. 4B).
These data were subjected to a complete statistical anal-
ysis to analyze the uniformity of nucleosome assembly.
Using chi-square analysis, we were able to show a uniform
distribution of nucleosomes over the length of the molecules,
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FIG. 1. Visualization of nuclesome formation on DNA fragments containing the EBV oriP. DNA fragments were end labeled with T4
DNA polymerase and biotinylated dCTP. The molecules were then digested with a second restriction enzyme to remove one of the
end-labeled termini. Histone octamers were assembled as described in the text, and avidin was added to tag the labeled end of the molecules.
The biotin-avidin end-labeling technique was adapted for electron microscopy by C. Bortner and J. Griffith (unpublished method). (a, b, and
c) Five nucleosome-bound molecules are shown (magnification, x24,000). In each case, the large nucleosome structures are visible at various
positions on the DNA fragment. The avidin bound to one terminus of each molecule is also visible on each of the molecules, with one
exception (panel b, top left). The distribution of nucleosomes on these molecules is shown in Fig. 2. Bar, 1 pum.
with the exception of one area in each virus which exhibited
a significant decrease in nucleosome assembly. The region of
sparing has been mapped to an area of approximately one
nucleosome length spanning the 3' dyad. This feature is
conserved between the two viruses tested.
We have chosen to use in vitro reconstitution to analyze
the effects of DNA structure on nucleosome positioning in
the absence of other cellular or viral proteins. Our findings
indicate that a unique region located around the 3' dyad
domain of both the EBV and HVP origins may have an
intrinsic ability to exclude nucleosomes. Areas of Z-DNA
formation have previously been shown to exclude nucleo-
somes (14); however, direct sequence analysis revealed no
areas capable of Z-DNA formation in this region. Evidence
exists in vivo for sparing of nucleosomes over the lytic
simian virus 40 origin by direct visualization of isolated
simian virus 40 minichromosomes (11, 25, 31). Although
results from reconstitution of core histone with simian virus
40 origin are conflicting, several reports, including one using
electron microscopy, have disclosed sparing of the origin
region (10, 21, 28, 29, 32).
It is interesting that, although the homology between the
family of repeats and the 3' dyad is high (75%), we found no
evidence for nucleosomal sparing within the repeat motif.
This seems to indicate that the DNA sequence is not the key
factor but that DNA structure may be important in nucleo-
some sparing. Both of the spared regions are AT rich and are
capable of forming a stem-and-loop structure analogous to
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FIG. 2. Quantitation of nucleosome assembly on the EBV oriP.
The positions of 377 nucleosomes were determined and used to
generate the histogram. The molecule length was plotted along the x
axis and divided into unit lengths (1 nucleosome length of approxi-
mately 165 bp). The normalized nucleosome value (the observed
number of nucleosomes per unit length (0) divided by the expected
number (E) if distributed randomly) is plotted on the y axis.
Depicted above the histogram is a structural map of the EBV oriP
showing the family of 20 30-bp repeats (=) and the 3' dyad (M).
Located within the region of the 3' dyad are four copies of the 30-bp
repeat, two of which participate in the dyad formation. The homol-
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FIG. 3. Nucleosome assembly on the EBV 3' dyad after reposi-
tioning. The 3' dyad was reoriented on the molecule by cleavage
with restriction enzymes that cut within the intervening region and
3' to the dyad region. The new orientation places the 3' dyad near
the center of a 1,300-bp fragment. The distribution of nucleosomes
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FIG. 4. Nucleosome assembly on the HVP oriP. (A) Comparison
of the structural features of the EBV and HVP origins. The EBV
oriP consists of 20 copies of a 30-bp repeat (E ) separated by
approximately 1 kilobase from a 65-bp area of dyad symmetry
( M ). The HVP oriP, by contrast, has only 10 copies of a 26-bp
repeat ( E) separated by 751 bp from an 82-bp area of dyad
symmetry ( M ). HVP contains an additional two imperfect copies
(_) of the repeat unit located adjacent to the repeat motif within
the intervening region. The repeat elements of EBV and HVP are
approximately 84% homologous, and the 3' dyad regions are 70%
homologous. (B) Approximately 420 nucleosomes were used to
generate the histogram of assembly on the HVP origin. Plotting and
illustration of the histogram were as described for Fig. 2.
origin (3, 4). The formation of such a structure may result in
a partial exclusion of nucleosomes within that region,
thereby permitting readier access for the DNA replication
machinery. Recently, the initiation site for EBV DNA rep-
lication has been shown to lie at or near the 3' dyad (6). Our
results provide indirect evidence supporting this finding and
suggest that initiation within the 3' dyad region may be
facilitated by nucleosome exclusion.
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